Background. High-throughput genome-wide techniques have facilitated the identification of previously unknown host proteins involved in cellular human immunodeficiency virus (HIV) infection. Recently, 3 independent studies have used small interfering RNA technology to silence each gene in the human genome to determine the importance of each in HIV infection. Genes conferring a significant effect were termed HIV-dependency factors (HDFs).
NOTE. ALIVE, AIDS Link to the Intravenous Experience; DCG, DC Gay; HGDS, Hemophilia Growth and Development Study; HREU, high-risk HIV-exposed uninfected; IDUs, injection drug users; MACS, Multicenter AIDS Cohort Study; MHCS, Multicenter Hemophilia Cohort Study; MSM, men who have sex with men; SFCC, San Francisco City Cohort. [4] . These targets will probably include human proteins required for HIV replication.
Recent genome-wide screens to discover HIV-dependency factors (HDFs) used small interfering RNAs (siRNAs) to inhibit host gene expression, enabling the identification of genes necessary for HIV infection and replication [5] [6] [7] . The first siRNA screen identified 281 HDFs [5] , and 2 subsequent studies reported 295 and 232 HDFs [6, 7] . Interestingly, only 3 genes were implicated as HDFs in all 3 studies, with 27 genes overlapping in 2 of 3 studies (Table 1 , part A). The limited degree of overlap suggests that differences in study methods (including the siRNA libraries used) exerted a sizable influence on experimental outcome. The likelihood of nonoverlapping falsepositive and false-negative findings in the studies underscores the need for alternative approaches to verify HDFs discovered by siRNA screens; these may include genetic association studies in AIDS cohorts. We performed a high-density single-nucleotide polymorphism (SNP) screen in 278 HDF genes identified by Brass et al [5] and tested whether genetic variation in HDFs influences HIV infection or AIDS progression in clinical AIDS cohorts previously employed to identify CCR5-D32, HLA, KIR, and other AIDS restriction genes [8, 9] .
MATERIALS AND METHODS

Study population.
Genotyping was performed in 1633 white individuals from 6 cohorts ( Table 2) . Informed consent was obtained from all patients. Subjects were included in 1 or more of the following clinical categories: (1) high-risk HIV-exposed seronegative; (2) HIV seroconverter; or (3) HIV seroprevalent with у8 years of AIDS-free follow-up.
SNP selection. Of the 281 HDF genes identified by Brass et al [5] , 3 were excluded owing to missing or unverified genomic coordinates in the National Center for Biotechnology Information (NCBI) database Build 35 (C8orf14, FLJ46066, and CXorf50). HDF regions were defined as the gene and flanking upstream (5 kb) and downstream (1 kb) sequences. A total of 1064 SNPs in these regions were predicted to affect gene expression or function in dbSNP (NCBI Build 35), PupaSuite (http://pupasuite.bioinfo.cipf.es), or SNPeffect (http://snp effect.vib.be). An additional 7406 tagging SNPs were selected using Tagger (http://www.broadinstitute.org/mpg/tagger), for a total of 8470 SNPs.
Genotyping and quality control. A total of 2929 SNPs were genotyped with the Illumina BeadChip kit (Illumina) and 5541 with the Affymetrix SNP Array 6.0 (Affymetrix) in the study population described above. Genotyping was performed in the Genotyping Facility at the Laboratory of Genomic Diversity, Center for Cancer Research, National Cancer Institute (NCIFrederick, Frederick, MD). Scatterplots were visually inspected for all BeadChip SNPs and for Affymetrix 6.0 SNPs that were not in Hardy-Weinberg equilibrium, using Illumina BeadStudio or an in-house program to visualize Affymetrix intensity output. SNPs were excluded owing to assay failure (!95% call rate), inconclusive clustering, or minor allele frequency of !1%. All subjects had a call rate of у92%, with an average of 98.1%. Evaluation of tag SNPs. The web-based Tagger program [10] was used to assess haplotype coverage in the HDF regions identified by Brass et al [5] . Coverage was determined using the HapMap CEU panel for SNPs with a minimum allele frequency of 2%. Pairwise and multimarker predictors were calculated with an R 2 threshold of 1.0. Statistical analysis. Thirty-nine nonindependent statistical tests were used to examine associations between genotypes and HIV-related outcomes (3 HIV infection tests, 36 AIDS progression tests) ( Table 3) . Because there is an a priori evidencebased hypothesis that genes identified as HDFs by Brass et al [5] are involved in clinical HIV/AIDS outcomes, significance level thresholds were adjusted for the number of genes (n p ) or SNPs ( ) examined in this study, with the latter 278 n p 6380 correction being more conservative (perhaps ultraconservative, owing to SNPs in linkage disequilibrium). Thresholds were also adjusted for the number of genetic hypotheses tested (HIV infection, ; AIDS progression, 
SNP effect prediction.
To predict SNP effects on gene expression or function, we entered highly significant SNPs into the SNPinfo web server (http://snpinfo.niehs.nih.gov) [11] , which considers the potential impact of a SNP on transcriptional regulation, splicing, microRNA binding, and protein sequence and structure. The GENEVAR database (http://www .sanger.ac.uk/humgen/genevar) was also used to examine genotype-expression correlations in lymphoblastoid cell lines from the HapMap population.
Gene ontology and network analysis. The DAVID database was used to classify genes by their gene ontology terms [12, 13] . To visualize biomolecular interaction networks containing gene products of interest, interactions were gathered from the IntAct database [14] and the HIV-1, Human Protein Interaction Database [15] [16] [17] and imported into Cytoscape (version 2.6.2) [18, 19] . Tissue expression was determined using the BioGPS database (version 1.0.7.4885; http://biogps.gnf.org). The HIV-1, Human Protein Interaction Database was used to identify which genes are known to interact with HIV-1; a x 2 test was used to test for differences between the numbers of gene products in the database for different sets of genes.
RESULTS
Based on the in vitro evidence generated by functional genomics studies, we hypothesized that genetic variants in HDFs would influence clinical HIV/AIDS outcomes. To evaluate this hypothesis, we performed a high-density screen of the genetic variation in HDF genes [5] comprising a panel of 8470 SNPs (Table 4) . Of these, 6380 SNPs passed quality control metrics (Table 4 ) and were used for association testing. These SNPs had an average density of 1 per 3.6 kb of nucleotide sequence (range, 1 SNP per 0.1-22.8 kb). The median autosomal haplotype coverage in white subjects was 90.9% ( [20] [21] [22] . Higher confidence was placed on association P values that fell below the SNP-test threshold, whereas P values that fell between the gene-test and SNP-test thresholds were considered plausible but with a lower degree of statistical confidence that they reflect true genetic associations.
Six tests in 2 genes (nuclear receptor corepressor 2 and isocitrate dehydrogenase 1, abbreviated NCOR2 and IDH1, respectively) were significantly associated with HIV infection by the gene-test criterion. Two of the SNPs within the NCOR2 region were significant by the highly conservative SNP-test criterion (Table 5 ). The SNP association with the lowest P value was in NCOR2 ( Figure 1A ). Of 89 SNPs tested within the NCOR2 gene, 16 were associated with HIV infection with unadjusted , and 7 of these had unadjusted (data P ! .05 P ! .01 not shown). NCOR2, also called SMRT, is a member of the nuclear corepressor family of histone deacetylases, which are components of the transcription silencing machinery [23] . NCOR2 is highly expressed in hematopoetic cells.
A SNP near IDH1 was also strongly associated with HIV A, Seroconverters (SC) were significantly more likely to carry the variant T allele for rs1794942 in the NCOR2 gene, compared with high-risk HIVexposed uninfected subjects (HREU) (A). The dominant model is shown. In a codominant genetic model for rs7578859 (located near the IDH1 gene), the variant C allele conferred protection against HIV infection in a dose-dependent manner, with 2 copies of the C allele providing the highest degree of protection (ie, the CC genotype was found at a higher frequency in HREU than in SC) and a single copy conferring less protection (B). OR, odds ratio. acquisition ( Figure 1B ; Table 5 ). Mutations in this metabolic enzyme occur frequently in malignant gliomas [24] . It has been suggested that decreased activity of IDH1 (eg, due to mutation or genetic variation) impairs the generation of a-ketoglutarate and nicotinamide adenine dinucleotide phosphate, which could stabilize downstream genes such as HIF-1a [24] , which are involved in the regulation of immune cells under stress conditions [25] .
To explore AIDS progression, we performed 36 association tests (Table 3) to give a gene-test correction threshold of P ! and a SNP-test threshold of . Al-
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5.00 ϫ 10 P ! 2.18 ϫ 10 though no SNPs met the experiment-wide corrected level of significance (248,820 SNP-test combinations), SNP-test associations in 2 gene regions merit comment. The 4 most significant SNP-test association P values obtained across the entire data set, generated by 2 SNPs within 5 kb of each other in the [26] . Genetic studies in Drosophila melanogaster demonstrated that flies lacking 1 of the TM9SF genes developed abnormal hemocyte cytoskeletons, interfering with cell adhesion and phagocytosis to the detriment of cellular immunity [27] . Transcripts of TM9SF2 are highly expressed in peripheral blood cells.
A second region with a strong association signal involved the epidermal growth factor receptor (EGFR) gene, in which 1 SNP (rs4948007) produced highly significant unadjusted P values (range, to ) ( Table 6 ). This
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P p 2.06 ϫ 10 P p 3.37 ϫ 10 SNP also produced unadjusted in 25 of the 36 AIDS P ! .01 progression association tests (data not shown). Furthermore, 19 of 120 EGFR SNPs had unadjusted in у1 AIDS P ! .01 progression association test. EGFR encodes a well-studied epidermal growth factor receptor that has been implicated in the development of multiple human malignancies yet is responsive to monoclonal antibody therapeutics, such as cetuximab and panitumumab [28] . Expression of EGFR is also known to be influenced by HIV-1 Gag activity, which may indirectly contribute to cellular HIV-1 spread [29] .
A list of HDF SNPs that displayed associations at lower levels of significance is presented in part A of Figure 2C ; Table 7 , part B). Other clusters were related to stress response, the pleckstrin homology domain (found in proteins involved in cell signaling or in cytoskeletal rearrangements [30] ), and actin binding. A significant functional cluster was identified among the 53 HDFs, with AIDS progression association signals that included genes involved in molecular transduction, such as EGFR and SP110. Secondary clusters consisted of genes with a role in regulation of the cell cycle and genes related to endosomes. The HIV infection gene clusters correlate with events that occur during early viral infection, when the virus binds to cell-surface receptors and fuses with the host cell membrane, whereas the AIDS progression gene clusters correspond to mechanisms involved in the subsequent assembly and release of viral particles [31] .
To explore the potential functional effects of genetic variation in the loci highly associated with HIV acquisition (NCOR2 and IDH1) and AIDS progression (TM9SF2 and EGFR), we investigated the SNPs that met the test-adjusted threshold of significance, as well as SNPs in high linkage disequilibrium with these variants ( in HapMap CEU), using the SNPinfo 2 R у 0.8 web server. We also investigated correlations between these SNPs and gene expression using the GENEVAR database. None of the SNPs examined in these 4 genes was predicted to affect transcript splicing, microRNA binding, or protein sequence or structure, but 3 SNPs near IDH1 were in transcription factor binding sites and may influence transcriptional regulation (Table 7, part C). In addition, SNPs in EGFR and TM9SF2 were significantly associated with altered lymphoblastoid gene expression in the HapMap CEU population (Table 7 , part C).
Since the initial HDF report [5] , 2 similar studies have been published [6, 7] . The overlap between these 3 studies is surprisingly limited: 3 genes (MED6, MED7, and RELA) were identified as HDFs in all 3 studies, 24 genes were identified as HDFs by Brass et al [5] and in 1 additional study, and 3 genes overlapped between the studies by Konig et al [6] and Zhou et al [7] (Table 1, part A) . We specifically explored the genetic association signals in the 27 overlapping HDFs identified by Brass et al and 1 or both of the other studies. Of the 3 HDFs found in all 3 studies, MED7 demonstrated a moderate level of association with AIDS progression (lowest unadjusted P p ) but no associations with HIV acquisition ( ) with HIV infection in this study that are known to interact with HIV-1. Data from the P ! .05 IntAct protein-protein interaction database [17] [18] [19] and the HIV-1, Human Protein Interaction Database [15, 16] were used to assemble networks in Cytoscape [20] , with each edge representing a separate interaction. Shade intensity corresponds to the lowest P values for HIV infection in this study (Table 7 , part A) for HDF genes, with dark gray indicating a smaller P value. Larger node size indicates that у1 SNP in a gene was moderately associated with HIV infection. Gray diamonds represent HIV-1-encoded proteins. B, Same as panel A, but for AIDS progression. C, Functional groups (generated through clustering analysis performed using the DAVID tool) identified for genes containing SNPs with low-level infection and progression associations in this study. The negative logarithm of the P values of the functional terms associated with the clusters identified in the 60 infection HDFs are shown in white, whereas those associated with clusters found in the 53 AIDS progression genes are displayed in gray. The dotted line denotes statistical significance at Ϫlog (.05). EGF, epidermal growth factor; GPCRs, G protein-coupled receptors.
sociation with HIV infection after a gene-test correction (Table  1, 
part B).
The first AIDS-related genome-wide association study (GWAS) was published shortly before the initial HDF study [32] . One gene, zinc ribbon domain-containing 1 (ZNRD1), was associated with disease progression in the GWAS and identified as an HDF by Brass et al [5, 32] . ZNRD1 is located in the major histocompatibility class region and encodes an RNA polymerase subunit; it was again associated with disease progression in a follow-up GWAS [33] and a candidate gene study [34] , with the latter also describing its role in viral replication in vitro. In our study, after P value adjustment for the number of statistical tests, 2 SNPs in the ZNRD1 region were associated with HIV acquisition, and a third was associated with AIDS progression (Table 7 , part A). None of these SNPs was in high linkage disequilibrium with the 3 SNPs associated with longterm disease nonprogression in the candidate gene analysis [34] , although the haplotype coverage of these SNPs (as well as the SNPs identified by the initial GWAS) was limited in the current study.
DISCUSSION
We describe the use of high-throughput genotyping to interrogate the known genetic variation in 278 HDFs with a high degree of haplotype coverage ( Table 4 ) that allowed us to investigate genotype associations with 3 HIV-1 infection endpoints and 36 AIDS progression outcomes in several European American AIDS cohorts. After P values were adjusted for the number of HDFs and statistical tests (gene-test correction), only the HIV infection phenotype produced statistically significant associations: 2 SNPs in NCOR2 and 1 SNP near IDH1 (Table  5 ; Figure 1 ). It is not entirely unexpected that the association signals for HIV infection are stronger than those for AIDS progression, because the underlying hypothesis of the siRNA studies is that the HDFs are required for infection, which may not translate into clinically measurable effects on AIDS progression [5] [6] [7] .
Because the NCOR2 gene product has a role in transcriptional regulation, genetic variants that alter its expression could conceivably have downstream effects on the expression of HIV gene products, influencing viral proliferation. IDH1 is involved in cellular antioxidant regeneration [35] , and a SNP causing a reduction in gene expression (and therefore enzymatic activity) might result in an increase in cellular vulnerability to HIV infection. Functional effect prediction algorithms placed the IDH1 SNPs in a transcription factor binding site, which could affect expression of this gene (Table 7 , part C). While neither of these genes has been previously associated with HIV/AIDS outcomes in genetic association studies (only in siRNA screens), it is plausible that the highly significant associations between SNPs in these 2 genes and HIV infection observed in this study have a biological basis, given their cellular functionalities.
To explore the underlying biological mechanisms behind the HDFs, we used a subset of HDF genes containing SNPs that were associated with either infection (60 genes) or progression (53 genes) after P value adjustment for the number of statistical tests used (Table 7 , part A). When these gene signals were mapped onto known protein-protein interactions with HIV, differences between the groups of HDF genes associated with HIV infection versus AIDS progression were apparent. Many of the genes associated with both infection and progression displayed involvement in endosomes and protein transport (eg, IDH1 and EGFR) (Figures 2A and 2B) . Gene ontology analysis indicated that genes producing infection signals were enriched in annotation terms involved in cell surface signal transduction, and genes with progression signals were enriched in terms related to molecular transduction and cell cycle regulation ( Figure  2C ; Table 7 , part B). These clusters reflect our current knowledge about the cellular pathways involved at different points in the HIV replication cycle. Approximately 15% of the genes with low-level infection or progression association signals are known to interact with HIV proteins, which is double the percentage of HIV-interacting genes in the human genome.
Three functional genomics studies have each reported 1200 HDFs involved in viral replication [5] [6] [7] . Despite the high level of control that can be exerted in an in vitro environment, only 3 genes signaled in all 3 studies: MED6, MED7, and RELA (Table  1 , part A). MED6 and MED7 are mediator subunits that regulate RNA polymerase II activity [36] . RELA is a nuclear factor kB subunit and a key participant in immune and inflammatory responses, which have been shown to control Tat-mediated transcription [37] . The small degree of overlap between the 3 functional genomics studies has been noted in a recent metaanalysis [38] ; suggested sources of variability include experimental noise, methodological differences, and disparities in statistical techniques. In our analyses, these 3 genes were relatively unremarkable, demonstrating weak associations with AIDS progression, with unadjusted P values in the range of 10 Ϫ3 to 10 Ϫ2 (Table 1 , part B). The lack of strong association signals may be due to limited haplotype coverage or to the absence of function-and expression-altering polymorphisms in these genes. ZNRD1 is the only HDF that has been correlated with disease progression in an AIDS genetic association study [32] [33] [34] . The 7 SNPs identified in the GWAS [32] were outside the gene region investigated in the present study (4 were 120 kb upstream and 3 were 16 kb downstream). Two of the SNPs genotyped in this study were located within the ZNRD1 haplotype blocks identified by Ballana et al [34] ; however, neither of these SNPs demonstrated significant associations in our study. We found that 2 SNPs were weakly associated with HIV acquisition (lowest unadjusted ) and 1 with disease pro-Ϫ4 P p 6.02 ϫ 10 gression (unadjusted ), but these SNPs did not Ϫ3 P p 1.08 ϫ 10 appear to be in linkage disequilibrium in the HapMap CEU population with the signals identified by Ballana et al [34] . The weakness of the ZNRD1 signal in our study may be due to inadequate coverage of the SNPs or differences in the phenotypes used in the various analyses (!200 CD4 + cells/mL, AIDS-related death, and the 1987 or 1993 CDC definitions of AIDS, all used in the current study; !350 CD4 + cells/mL or treatment initiation [32, 33] ; long-term nonprogression [34] ), but the presence of low-level SNP associations in the current study would affirm the involvement of ZNRD1 in cellular HIV infection.
The high-density SNP screening of HDF genes performed here adds another dimension to functional genomics experiments in the identification of endogenous factors that affect HIV infection or AIDS pathogenesis. Importantly, our genetic association study used clinical rather than in vitro data. Strong signals in a cohort population association study such as ours provide support for a true pathogenic influence that extends the implication of in vitro studies. Follow-up experiments are required to explore the biological basis for these signals, which may offer novel therapeutic targets as well as contribute to our understanding of the cellular mechanisms of HIV/AIDS pathogenesis.
